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Abstract 
This paper reports on nanocomposites of enhanced field induced strain based on an electrostrictive polymer mixed with BaTiO3 
and TiO2 nanofillers of high dielectric constants. Nanocomposite thin film bimorph actuator stacks were optimized with respect 
to the nanofiller homogeneous dispersion and thin film surface roughness upon film annealing. The investigations showed that 
the nanocomposite properties are strongly dependent on the nanofiller content, nanoparticle size and relative permittivity. By the 
addition of nanofillers, the electro-mechanical properties of the polymer matrix have been significantly improved. Particularly, 
we obtained increased permittivity to about 44 and about two-fold larger strain for a 2 wt% BaTiO3 nanocomposite and a 1.4 
times larger strain for a 10 wt% TiO2 nanocomposite. FEM simulations indicate that nanocomposite based bending actuators can 
exhibit remarkably large deformation. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The high electrostrictive strain of the relaxor ferroelectric terpolymer P(VDF-TrFE-CFE) makes this material 
very promising for actuator applications [1-3]. In particular, the strain of the terpolymer exhibits a quadratic 
dependence on the electric field and it is also dependent on its dielectric constant. A way to increase the strain even 
more is to improve the dielectric constant of the material. This paper presents an approach to increase the strain of 
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the terpolymer by mixing it with BaTiO3 and TiO2 nanoparticles, which are known to possess high dielectric 
constant of 85-90 and 86, respectively [4, 5]. 
2. Nanocomposite film stack preparation 
2.1. Thin film preparation 
Nanoparticles of BaTiO3 with an average diameter of d ~ 100 nm and d ~ 62 nm (purchased from IoLiTec and 
Sigma-Aldrich) and TiO2 with an average diameter of d ~ 20 nm (purchased from IoLiTec) were suspended in 
methyl ethyl ketone (MEK) and treated for 60 min in an ultrasonic bath to prevent agglomeration. These 
nanoparticle suspensions were then added in a 15 wt% terpolymer P(VDF-TrFE-CFE) (61.7/29.8/8.5 mol%) 
solution to obtain composites with 0, 1, 2, 5 and 10 wt% nanoparticle content. The homogenized suspensions and a 
nanoparticle-free 10 wt% terpolymer solution were spin coated on Al-coated silicon substrates in 3 μm thick films. 
Finally, the films were annealed at 120 °C for 16 h to remove solvent and improve crystallinity. Nanocomposite 
actuator stacks were obtained by sputtering gold electrodes on top of the films.  
2.2. Surface roughness analysis 
The composite films had to be annealed after being spin coated to remove the residual solvent and improve strain 
by increasing crystallinity [6]. Surface roughness of the composite films plays a significant role in the thin film stack 
preparation and this was found to be dependent on the annealing temperature. The film surface roughness was 
therefore analyzed in dependence on the annealing temperature. For this, atomic force microscopy (AFM - Digital 
Instruments/Nanoscope Controller) was used to inspect the surface topology of the composite films annealed at 
different temperatures. Fig. 1 shows the film surface topology and the measured surface roughness for neat 
terpolymer films and composite films with different BaTiO3 nanofiller content, obtained at different annealing 
temperatures. The results show that the films investigated exhibit improved roughness at an annealing temperature 
of about 120 °C and this was selected as optimal annealing temperature. 
 
 
Fig. 1. (a) Surface topology (AFM images) after heat treatment, i.e. annealing of terpolymer nanocomposites with different BaTiO3 nanofiller 
content as indicated. Film annealing was carried out at T1 = 90 °C, T2 = 120 °C and T3 = 150 °C (the images at T3 reveal larger terpolymer 
crystallites). (b) Surface roughness as a function of annealing temperature – data extracted from the AFM images. 
Surface roughness increased for annealing temperatures both lower and higher than 120 °C. For instance, upon 
annealing at 90 °C, i.e. below the terpolymer melting temperature at 106 °C, surface roughness was large due to 
nanoparticles which did not mix into the polymer matrix and emerged on the surface of the films. For higher 
annealing temperatures the film crystallinity improved, yet surface roughness was again large. 
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3. Electro-mechanical properties of nanocomposite thin film stacks 
The nanocomposite thin film stacks were characterized with respect to their electro-mechanical properties. 
Accordingly, measurements of relative permittivity and electric field induced strain were carried out. 
3.1. Relative permittivity 
The nanocomposite relative permittivity was derived from impedance spectroscopy measurements (LCR meter, 
Hioki 35522-50) at room temperature and at 1-105 Hz frequency range. Specifically, thin film impedance 
measurements were carried out and the resulting Nyquist plots were analyzed with an equivalent circuit model. This 
circuit (Fig. 2 (a)) consisted of a resistance (R1), representing the electrode resistance, connected in series with a 
parallel-connected capacitance and resistance (C and R2), representing the composite thin film, and in parallel with a 
measurement-associated resistance (R3).  
 
Fig. 2. (a) Equivalent circuit used to fit the impedance data. (b) Relative permittivity vs. nanoparticle content for different nanoparticle mean size. 
The relative permittivity was derived in this manner for thin films made of composites with different nanofiller 
mean size and nanofiller content (Fig. 2 (b)). The data show that: (i) the relative permittivity is larger in composites 
containing BaTiO3 nanoparticles of smaller mean size; (ii) the relative permittivity increases with increasing 
nanoparticle content, being about 15 % larger in 5 wt% BaTiO3 composite compared to the neat terpolymer. 
3.2. Electric field induced strain 
Michelson interferometry was employed for the determination of the electric field induced strain in thin films of 
nanocomposites with different BaTiO3 and TiO2 nanofiller content and the results are presented in Fig. 3.  
Fig. 3. (a) Strain vs. applied electric field for neat terpolymer and terpolymer/BaTiO3 composites. (b) Strain vs. applied electric field for neat 
terpolymer and terpolymer/TiO2 composites. 
For all films the measurements reveal a quadratic dependence of the strain with the electric field, which is 
consistent with an electrostrictive effect in the terpolymer matrix. All composite based stacks exhibit higher strain 
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than the neat terpolymer. Particularly, the electric field induced strain is larger by a factor of 1.5 in the 
2 wt% BaTiO3 composite (Fig. 3(a)) and a factor of 1.4 in the 10 wt% TiO2 nanocomposite (Fig. 3(b)). In 
composites with TiO2 nanofiller, the strain increases with increasing the nanofiller content. Surprisingly, for 
composites with BaTiO3 nanofiller with increasing the nanoparticle content the strain increases, reaches a maximum 
and then decreases. This effect seems to be connected with the elastic modulus of the films. 
3.3. Actuator application 
The performance of thin film bimorph actuator based on the developed composites was analyzed using finite 
element methods (FEM, Comsol®). The actuator geometry is presented in Fig. 4(a). 2D simulation indicates that 
micro-actuators based on these nanocomposites can exhibit remarkably large deformation of up to 600 μm for the 
nanocomposite with 1 wt% BaTiO3 nanoparticle content (Fig. 4(b)), thus much larger than that of the terpolymer 
based actuator. 
    Fig. 4. (a) Rotationally symmetric bending actuator design used in the 2D FEM simulation (layer thickness and actuator radius are indicated).   
(b) Nanocomposite based actuator deflections vs. the applied electric field using measured electrostrictive strain corresponding to (1) 0 wt%, (2) 
1 wt%, (3) 5 wt%  and (4) 10 wt% BaTiO3 nanofiller content and (5) 1 wt%, and (6) 5 wt% (7) 10 wt% TiO2 nanofiller content.  
4. Conclusions 
Nanocomposites of improved strain based on an electrostrictive polymer mixed with BaTiO3 and TiO2 nanofillers 
of high dielectric constants were developed. Investigations showed that the electro-mechanical properties of the 
nanocomposite are strongly dependent on the nanofiller content, nanoparticle size and relative permittivity. FEM 
simulations revealed that actuators based on the nanocomposite films can exhibit very large deformation. 
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